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THE RELATIONSHIP BETWEEN pH TOLERANCE, VIRULENCE,
AND PROTEOLYTIC ENZYMES IN BACTERIA
I. BACILLUS ANTHRACIS*
(continued from page 160 of this JOURNAL)
J. M. LEISE
Efect of soybean trypsin-inhibitor on the pH tolerance of
strain 7A-26 of B. anthracis
The failure of strong inhibition to occur in serum after the addition
of trypsin-inhibitor indicated its probable failure in broth. In order to
test this effect, nutrient-tryptose broth was adjusted to pH 6.90, 9.20,
and 9.30, and 0.1 ml. of trypsin-inhibitor containing 10 mg. per ml.
of solution was added to 9.9 ml. of nutrient-tryptose broth. The
inoculum consisted of 0.1 ml. of the bacterial suspension per tube of
broth. This gave a final concentration of 99 micrograms per ml. The
results of such experiments showed no effect of the inhibitor at any of
the three pH values studied. Mirsky26 found that crude preparations of
pancreatic trypsin-inhibitor, like the crystalline compound, inhibited
bacterial growth in concentrations of 1 to 5 per cent. The crude soybean
product gave uniformly negative results.
It has been suggested that the differences between the virulence
and the pH tolerance of bacteria are associated with enzymes which
differ quantitatively or qualitatively in the bacterial cell. Evidence in
support of this hypothesis was obtained by growing virulent and aviru-
lent strains of B. anthracis in broth, serum, and in the presence of
trypsin and trypsin-inhibitor. To determine directly whether or not the
postulated trypsin-like enzymes were actually present, cultures of viru-
lent and avirulent strains of B. anthracis were tested for their ability to
produce proteolytic enzymes. The casein-digestion method was used.
A study of the results obtained shows that in 27 of 31 experiments
the virulent 7A-26 strain digested more casein than did the avirulent
A-26S strain, while A-26S was more effective in digesting casein in
the remaining 4 experiments. These results were highly significant for
the probability was less than 0.001. Of 23 experiments comparing the
virulent A-26 to the avirulent A-26S, 19 showed greater digestion
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by A-26, while 4 experiments showed less. These differences between
virulent and avirulent strains were also highly significant, for the prob-
ability was less than 0.001. It can be concluded, therefore, that these
results show greater production of proteolytic enzymes by the virulent
strains than by the avirulent A-26S strain, and that these results support
the hypothesis that pH tolerance and related phenomena are due to the
production of this enzyme or enzyme system.
When the enzyme solutions were prepared it was not possible
to know the number of cells from which the enzymes were obtained.
Thus, the differences observed could have been due to the presence of
a greater number of virulent bacterial cells. Also the release of enzymes
may have been different in the virulent and avirulent bacteria. A method
was used whereby the number of cells from which the enzyme solution
was obtained could be measured. A heavy suspension of each of the
bacterial strains under study was made in 3 ml. of nutrient-tryptose
broth, 1 ml. being used for a plate count while the remaining 2 ml.
of each suspension were added to 10 ml. of 3 M glycine and incubated
overnight at 37°C. The glycine, as found by Cowles,7 causes a great
decrease in the turbidity of the bacterial suspension by attacking the
living cells and results in the release of cellular material, including
enzymes. After the overnight incubation period, the suspensions of
bacteria in glycine were filtered through a Chamberland L-5 candle
and the filtrates used as the enzyme solutions. The densities of the
various cultures suspended in glycine were taken before and after incu-
bation to determine the per cent decrease in tubidity. No correction
was made for the differences in the effect of the glycine upon the
turbidity of the suspensions, for the greatest decrease in turbidity (pre-
sumably the greatest amount of enzymes released into the medium)
was upon the avirulent A-26S strain, and it was desired to have the
bias in favor of this culture. This emphasizes the results showing
greater enzymic activity for the filtrates of the virulent strains. Casein
was the substrate used. Enzymes prepared in this manner and corrected
to an equal number of bacterial cells, as given by the plate count,
showed that at pH 7.70 the two virulent 7A-26 and A-26 strains
attacked more of the casein than did the avirulent strain. Similar results
occurred at pH 9.40 (table 6, experiment 134). In the next four ex-
periments in table 6, 25 ml. of nutrient-tryptose broth were inoculated
and incubated overnight at 37°C., and were then shaken continuously
for 4 hours at the same temperature. These broth suspensions were
centrifuged, the cells were washed in nutrient-tryptose broth and then
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TABLE 6
ENZYMIC ACTION OF GLYCINE FILTRATES OF STRAINS OF BACILLUS ANTHRACIS
pH 7.70 Differences pH 9.40 Differences
Percent casein 7A-26 A-26 Per cent casein 7A-26 A-26
Experi- Hours of digested minus minus digested minus minus
ment digestion 7A-26 A-26 A-26S A-26S A-26S 7A-26 A-26 A-26S A-26S A-26S
134 18 0.9 0 1.3 -0.4 -1.3 3.1 2.8 0.6 2.5 2.2
24 1.8 0.7 2.5 -0.7 -1.8 2.0 6.2 0.9 1.1 5.3
48 3.3 11.4 4.8 -1.5 6.6 1.3 8.3 1.0 0.7 7.3
72 6.8 36.5 5.8 1.0 30.7 3.5 11.4 1.0 2.5 10.4
126 19.9 75.7 6.5 13.4 69.2 3.8 20.7 2.1 1.7 18.6
144 24 6.6 x 0 6.6 x
49 9.2 x 0 9.2 x
73 17.1 x 8.1 9.0 x
124.5 38.3 x 29.1 9.2 x
149 24 0 x 0 0 x 0 0 0
72 0 x 0 0 x 0 0 0
168 11 x 0 11 x 0 0 0
152 28 5.5 2.4 1.2 4.3 1.2
120.5 7.1 37.7 3.8 3.3 33.9
240 21.8 75.0 11.3 10.5 63.7
285 32.6 83.2 12.5 20.1 70.7
153 72 11.6 x 10.7 0.9 x 0 x 0
137 29.7 x 23.1 6.6 x 0 x 0
261 61.7 x 43.2 18.5 x 0 x 0
suspended in 10 ml. of 3 M glycine. The colorimeter readings before
incubation were taken as measures of the amount of cells present, and
all data for these experiments were corrected to an initial reading of
350 on the colorimeter. The results of these experiments again show
that the virulent 7A-26 strain contained more proteolytic enzymes (or
enzymes of greater activity) than did the avirulent A-26S strain when
tested atpH 7.70. The results at pH 9.40 were negative for both strains
in the two experiments where enzyme activity at this pH was tested.
These results confirm those presented previously. However, the failure
for good enzyme action to occur at pH 9.40, using the glycine method,
when such activity did occur using the broth method of preparing the
enzyme solutions may have been due to a quantitative difference in the
amount of enzymes released from the smaller number of cells used in
the glycine method, or to the release of different enzymes from the cells.
It is known that it takes a few days for bacterial cells to elaborate
enzymes that will attack a native protein such as casein, and the young
cells used in the glycine method may not have contained these enzymes
in large amounts. The lag in enzyme activity was shown by inoculating
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7A-26, A-26, and A-26S into Armour's broth containing casein, at
pH 9.20. Growth occurred in two days with each culture, but casein
was not attacked. After 5 days of incubation, some of the casein had
been digested.
TABLE 7
EFFECT OF A BASIC TISSUE POLYPEPTIDE ON THE pH TOLERANCE OF STRAINS
OF BACILLUS ANTHRAaS
pH6.85 pH 9.00 pH9.15
Tissue Hours ofincubation Hours ofincubation Hours ofincubation
polypeptide Inoculum 18 24 48 168 18 24 48 168 18 24 48 168
PartA.Strain 7A-26
Absent 1,280,000 4 4 4 4 2 3 3 3 2 3 3 4
128,000 4 4 4 4 2 2 2 3 2 2 2 3
12,800 3 3 3 4 2 2 2 3 2 2 2 3
1,280 3 3 3 4 2 2 2 3 2 2 2 2
128 3 3 3 4 2 2 2 3 1 2 2 2
Present 1,280,000 3 3 3 4 1 2 2 2 2 2 2 3
(5.5,ug/mL) 128,000 4 4 4 4 1 2 2 2 2 2 2 3
12,800 3 3 3 4 2 2 2 2 2 2 2 3
1,280 3 3 3 4 2 2 2 2 1 2 2 3
128 3 3 3 4 2 2 2 2 0 2 2 3
PartB.StrainA-26S
Absent 1,900,000 3 3 3 3 1 1 1 2 1 1 1 2
190,000 3 3 3 3 1 1 1 2 0 0 1 1
19,000 3 3 3 3 1 1 1 2 0 0 1 2
1,900 3 3 3 3 1 1 1 2 0 0 1 2
190 3 3 3 3 0 1 1 2 0 0 1 2
Present 1,900,000 3 3 3 3 0 1 1 2 0 0 1 2
(5.5,ug/m1.) 190,000 3 3 3 3 0 0 1 1 0 0 0 2
19,000 3 3 3 3 0 0 1 1 0 0 0 0
1,900 3 3 3 3 0 0 1 1 0 0 0 0
190 3 3 3 3 0 0 1 1 0 0 0 0
pH value of uninoculated broth
Hoxrsofincbation
Tissue
polypeptide 0 24 168
Absent
Present
Absent
Present
Absent
Present
6.85
6.85
9.00
9.00
9.15
9.15
6.85
6.85
8.85
8.85
8.90
8.90
6.90
6.90
8.75
8.70
8.85
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It is shown that the virulent strain has more proteolytic enzyme
than the avirulent strain of B. anthracis and that the enzyme is active at
the same alkaline pH values as demonstrated by bacterial growth in the
pH tolerance tests. Also, the results indicate that the differences in
enzymic action between the virulent and avirulent strains are due to
differences in amount rather than in kind of enzyme elaborated.
Effect of a basic tissue polypeptide on pH tolerance
A substance which would inhibit the growth of a virulent organism
in alkaline broth might, because of the relationship between pH toler-
ance and virulence, be able to reduce the virulence of this organism,
i.e., it could be effective in vivo. A compound which appeared worthy
of trial was a tissue polypeptide isolated by Bloom3 from beef thyroid.
This tissue polypeptide was effective in mice infected with anthrax;
only the effect on pH tolerance was studied here. Some of the tissue
polypeptide, obtained from Dr. W. L. Bloom, was dissolved in distilled
water, filtered through a Chamberland L-5 filter, and stored at 4°C.
until used. This solution was diluted 1:5 with sterile nutrient-tryptose
broth, and 0.1 ml. was added to 9.9 ml. of broth to which was later
added 0.1 ml. of inoculum. The tubes of broth were adjusted to pH
6.85, pH 9.00, and pH 9.15, with the final concentration of tissue
polypeptide being 5.5 micrograms per ml. of broth. The results obtained
using 7A-26 and A-26S are given in table 7. Strain A-26S showed no
inhibition at pH 6.85, which was similar to the results obtained with
7A-26. At pH 9.00, however, the avirulent A-26S strain was inhibited
at the 18- and 24-hour readings. In 48 hours, all inocula showed growth
equal to that without inhibitor. The avirulent strain at pH 9.15 required
1,900,000 bacteria for growth to appear in 48 hours when tissue poly-
peptide was present, whereas without added inhibitor this A-26S strain
produced growth with 190 bacteria. The virulent 7A-26 strain showed
practically no effects of the presence of the tissue polypeptide at pH 9.00
and only slight effects of pH 9.15.
Further tests were carried out against the virulent 7A-26 strain only.
The tissue polypeptide was used at a concentration of 5.5 micrograms
per ml. of broth and produced (table 8) no effects at pH 6.90, but
did show inhibition at pH 9.20 and pH 9.30. In another experiment
pH values of 7.25, 8.00, 9.20, and 9.30 were tested. No inhibition was
apparent at pH 7.25 or pH 8.00, but at pH 9.20 a strong inhibition
of 7A-26 occurred in the presence of the tissue polypeptide, for without
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this substance very good growth occurred in 18 hours with an inoculum
of 51 organisms, and good growth with an inoculum of 6 bacteria.
When the tissue polypeptide was present, very good growth occurred
with an inoculum of 510,000 bacteria, only a slight growth with 5,100
bacteria, and no growth with 510 organisms. The next higher pH value
of 9.30 showed good inhibition when tissue polypeptide was present.
The above results show that with a concentration of 5.5 micro-
grams of tissue polypeptide per ml. of broth, no inhibitory effects were
observed when the broth was at pH 6.85, 6.90, 7.25, 8.00, and pH
9.00, and only a small effect at pH 9.15. When the broth containing
tissue polypeptide was atpH 9.20 (pH values above 9.15 were nottested
in parallel with pH 9.15) good inhibition of growth occurred. At pH
9.30 this inhibition increased, but the effect of pH alone had decreased
the amount of growth. This effect of the alkaline pH, therefore, was
probably the cause of the slight increase in inhibition at pH 9.30 when
compared with that at pH 9.20. As the tissue polypeptide is a basic
substance, its action should increase as the pH increased, but the differ-
ence in the results obtained at either pH 8.00, pH 9.00, or pH 9.15
where there was no or slight effect of the tissue polypeptide, and the
results in media containing this substance at pH 9.20 and above, do
not seem to be due to an increased activity of this compound brought
about by the hydrogen-ion concentration. The effects of this substance
could be due to the ability to neutralize the enzyme which is responsible
for growth at the alkaline pH values. The tissue polypeptide could be
capable of inhibiting a portion of the enzyme activity so that enough
enzyme was left for full effectiveness until the higher pH values were
reached where all the enzyme activity was required to produce growth, so
that even a small diminution in activity could prevent growth from oc-
curring. That A-26S was more easily inhibited than 7A-26 could be due
to its containing less enzymes and therefore the same amount of in-
hibition could influence the growth of A-26S much more than the
growth of the virulent strain. If the added tissue polypeptide were able
to prevent the normal drop in pH value of the medium, it could exert
its inhibitory effect in this manner. However, the pH values of the
broth with and without tissue polypeptide showed practically no
differences.
It appeared likely, from the data obtained, that the inhibitory
effect of the tissue polypeptide involved the inhibition of the bacterial
proteolytic enzyme. It was found, in a preliminary study, that 100 and
200 micrograms per ml. of tissue polypeptide inhibited the digestion
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of casein by the enzyme solution of 7A-26 to an extent of 3 and 11
per cent, respectively. The virulent 7A-26 strain was grown in (a)
alkaline broth, (b) alkaline broth plus trypsin, (c) alkaline broth
plus tissue polypeptide, and (d) alkaline broth plus both trypsin and
tissue polypeptide, and showed that with 10 micrograms per ml. of
trypsin, the bacteria grew better than without trypsin; with 17 micro-
grams per ml. of tissue polypeptide, growth was less than that with or
without added trypsin; with trypsin plus tissue polypeptide, the two
compounds inhibited one another so that growth after 29 hours was
similar to that in broth alone.
Discussion
The basic problem presented in this paper was to establish and
clarify the relationship between the pH tolerance and the virulence of
bacteria. The results have shown that the virulent strains of B. anthracis
grow better than do their avirulent counterparts in alkaline broth.
"Better" growth means, as has been shown, a quantitative difference
with the virulent strain being able to grow at alkaline pH values with
smaller inocula than the avirulent strains. The smooth, avirulent
A-26S which had lost its glutamyl polypeptide outer layer could have
been avirulent on this basis alone, for this compound is probably the
toxic portion of the cells, as suggested by the findings of Watson et al.35
When virulent and avirulent strains were tested as to their pH
tolerance, it was found that the virulent strains were able to grow in
alkaline broth with smaller numbers than the avirulent strain. This
indicated a definite difference between the two types of bacteria, but in
order to show that pH tolerance was related to virulence, an avirulent
strain was dissociated from the virulent culture and these closely related
strains were tested for differences in pH tolerance. It was found that
when virulence was lost the bacteria also lost their pH tolerance. This
relationship between pH tolerance and virulence is not limited to
B. anthracis, but occurs with the Shigella group of bacteria as will be
reported in another paper. The previous work with fungi", 2 and the
evidence in the literature show that this relationship is a general rather
than a limited one.
The hypothesis that the property of pH tolerance and, therefore,
virulence, is due to the presence of an alkaline-effective proteolytic
enzyme in the virulent bacteria while the loss of virulence results in a
decrease of this enzyme, gains support from the experiments in which
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the bacteria weregrown in serum. Serum contains a trypsin-like protease
inhibitor, and the ability of the virulent bacteria to grow better than the
avirulent strains in serum can beexplained bythegreater amount ofpro-
teolyticenzymepresent inthevirulentbacteria. Thus,they arepostulated
to have sufficient enzymes to neutralize the inhibitor and enough remain-
ing to attack and utilize the serum proteins, whereas the avirulent bac-
teria are deficient in proteolytic enzymes and cannot overcome the effect
of the inhibitor unless larger numbers of bacteria are inoculated. That
better growth results with either strain when serum is heated to destroy
protease inhibitor is additional evidence in favor of the hypothesis that
such a compound is neutralized by the bacterial proteolytic (alkaline-
effective) enzymes, for the enzyme is now free to digest the proteins
rather than to combine with the inhibitor. However, trypsin-inhibitor
is reported to dissociate from trypsin at pH values above 8.00 and the
inhibitor property of serum is evident above this. Also, crystalline soy-
bean trypsin-inhibitor had no effect in broth and only a slight effect in
restoring the inhibitory effect to serum which had been heated to destroy
serum trypsin-inhibitor. Grob"4 used larger amounts of trypsin-inhibitor
(pancreatic) and obtained only slight inhibition when 2.5 mg./ml. of
the inhibitor were added to serum. For these reasons the possibility that
the serum trypsin-inhibitor plays an important role in the inhibitory
effect isdecreased. That thevirulentbacteriadoproduce moreproteolytic
enzymes than the avirulent bacteria dissociated from them has been
shown in the section on bacterial enzymes. Rosenow28 observed an
enzymatic difference between extracts of a virulent and an avirulent
pneumococcus when such extracts were added to ascites-meat-broth as
shown by changes in the formol titration. Virulent bacteria are, there-
fore, able to produce proteolytic enzymes and to grow in alkaline media
and in serum. When virulence is lost, a smaller amount of alkaline-
effective enzymes is produced and pH tolerance and the ability to grow
in serum decrease.
Additional evidence for the role of proteolytic trypsin-like enzymes
in pH tolerance comes from the increased pH tolerance of avirulent
bacteria when grown in media containing trypsin., This also emphasizes
the quantitative aspects of this factor, for when not enough enzyme is
present in the bacterial cell, more cells are required for growth, as with
the avirulent A-26S strain. When more enzyme is present, less bacteria
are required for growth, as with the virulent 7A-26 strain. The effect
of adding trypsin, therefore, is the same as adding more bacteria to the
broth. When the avirulent strain was trained to grow in alkaline broth,
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itincreased inpH tolerance and at the same time increased itsproduction
of alkaline-effective proteolytic enzymes. These results show that pH
tolerance is caused by the amount of proteolytic enzymes produced by
the bacterium and that these enzymes, because of the pH tolerance-
virulence relationship are apparently related to bacterial virulence. This
enzyme-virulence relationship is not the direct and absolute appearing
one as is the enzyme-pH tolerance relationship, for no factor yet found
is the sole cause of virulence. That the factor of pH tolerance is not the
cause of virulence is clearly shown by the results obtained with the
strain trained to grow in alkaline broth, for although this strain
(AA-26S) increased its pH tolerance and the production of alkaline-
effective proteolytic enzymes, it did not regain the characteristic appear-
ance ofthe rough,virulent B. anthracis strain, nordid it regain virulence.
It is proposed that the loss or decrease in pH tolerance and in the
production of alkaline-effective proteolytic enzymes will reduce invasive-
ness and so lessen the virulence of the bacterium, while the gain of this
factor will either by itself or in conjunction with other factors increase
the ability of the organisms to grow inside the host. A bacterium which
was highly toxic yet avirulent4 was found2" to have lost the ability to
grow well in alkaline broth. While it has been shown here that the
proteolytic enzymes influence pH tolerance directly, other factors may
be involved in this phenomenon.6'8 29,34
The enzymic make-up of the bacterial cell undoubtedly influences
the host-parasite relationship and so also bacterial virulence. A study
of the enzymes of bacteria as they affect this property should do much
toward solving the problem of bacterial virulence. Also, the data pre-
sented in this report demonstrate the possibility that compounds which
are capable of inhibiting the bacterial proteolytic enzymes might be
effective against bacteria in vivo. Compounds capable of inhibiting the
essential bacterial enzymes are worthy of attention.
Summary and conclusions
1. Virulent strains of Bacillus anthracis are able to grow in alkaline
broth and in serum and produce alkaline-effective proteolytic enzymes.
2. Dissociants of the virulent strains which lose virulence also show
a decrease in ability to produce alkaline-effective proteolytic enzymes
and in ability to grow in alkaline broth.
3. pH tolerance is caused by the amount of this enzyme produced
by the bacterial strain.
242pH TOLERANCE AND VIRULENCE 243
4. The proteolytic enzyme involved is similar to trypsin.
5. Adding trypsin to alkaline broth increases the pH tolerance of
the avirulent A-26S strain when it is inoculated into this broth.
6. The destruction of serum trypsin-inhibitor by heating human
serum at 80°C. for 10 minutes makes the serum a better medium for
growth of both virulent and avirulent bacteria.
7. Avirulent bacteria can be "trained" to grow in alkaline broth.
This training results in an increase in alkaline-effective proteolytic
enzymes but not in virulence.
8. A tissue polypeptide, effective in vivo, inhibited the growth of
the virulent 7A-26 strain in alkaline broth by apparently inhibiting the
bacterial proteolytic enzymes.
9. Bacterial proteolytic enzymes appear to be involved in virulence,
and their inhibition may affect this property.
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